Introduction
Sickle cell disease arises from a point mutation in the β-globin gene resulting in the expression of hemoglobin S (HbS). Deoxygenated HbS polymerizes leading to erythrocyte rigidity, distortion, membrane damage and hemolysis. 1, 2 Consequently, sickle cell patients suffer repeated vasoocclusive events characterized by ischemia-reperfusion injury and inflammation. 3, 4 These chronic vascular insults lead to numerous end-organ complications such as avascular necrosis of bones, retinal infarction, stroke, acute chest syndrome, pulmonary hypertension and skin ulceration. 5 While the molecular and biophysical details of the processes influencing HbS polymerization are well characterized, the explanation for the broad phenotypic heterogeneity and clinical variability of sickle cell disease, where patients with an identical genetic mutation suffer pleiotropic complications, remains a mystery.
A seminal feature which sets sickle cell disease apart from other chronic hemolytic syndromes and that predicts disease severity is a chronic, intense inflammatory state. Inflammation, leukocyte adhesion to vascular endothelium and subsequent endothelial injury appear to contribute to the pathogenesis of sickle cell disease, driven in part by repeated episodes of ischemiareperfusion injury. 3, 4, [6] [7] [8] Elevated white blood cell counts have been shown to predict morbid events in sickle cell disease. Leukocytosis is a risk factor for hemorrhagic stroke in children and adults, 9,10 acute chest syndrome 11 and early death. 12 Further, elevated blood levels of inflammatory and anti-inflammatory cytokines (i.e. IL-1β, IL-4, IL-6, TNFα), increased adhesion molecule expression (i.e. ICAM, VCAM, integrins and P-selectin) and increased inflammatory biomarkers such as C-reactive protein and isoprostanes have been described and appear to contribute to the development of chronic organ injury. 6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From Gene expression signatures have been used successfully to characterize tumor phenotype and to predict disease recurrence and mortality in B-cell lymphoma and breast cancer. 29, 30 This comprehensive analysis of transcription profiles provides a novel means to enhance knowledge of the pathogenesis and treatment of different diseases. Given the pivotal role of inflammation in sickle cell disease pathogenesis, we hypothesized that blood mononuclear cells from patients would express unique functional genomic profiles and that these gene signatures may provide insight into the complex inflammatory and homeostatic responses to vascular injury.
only.
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Methods

Subjects
The study was approved by the National Heart, Lung and Blood Institute's Institutional Review Board and all participants gave written informed consents. Twenty-seven clinically stable volunteers with sickle cell disease (23 HbSS, 2 HbSC and 1 HbSβ-thalassemia phenotypes) and 13 healthy African-American volunteers participated in the study. All primary analyses were restricted to the comparison of HbSS patients not taking hydroxyurea with control subjects. All volunteers had hemoglobin high performance liquid chromatographic separation to confirm hemoglobin S or A phenotype, as well as hemoglobin F levels. Patient characteristics are summarized in Table 1 . Sickle cell patients were excluded if they were clinically unstable, defined by having vaso-occlusive crisis or acute chest syndrome within 30 days of the study, used tobacco products or received blood transfusions within the preceding 4 weeks (or HbA > 5%). Controls were excluded if they used tobacco products or used aspirin or non-steroidal anti-inflammatory products within the preceding 7 days.
Eight controls participated in a study of intravenous endotoxin infusion; gene expression data from this study was queried to compare the inflammatory signature of sickle cell disease to the inflammatory response to intravenous endotoxin. This study was approved by the National Insti- For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From Maryland) as previously described. 31 Peripheral blood mononuclear cells were collected preinfusion and 6 hours post infusion for gene expression studies.
Peripheral Blood Mononuclear Cell Isolation,
Peripheral blood from sickle cell patients, healthy African American volunteers and volunteers in the IV endotoxin study was collected into Vacutainer CPT cell preparation tubes with sodium citrate and Ficoll (Becton Dickinson, Franklin Lakes, New Jersey), (see supplemental text online). Purified peripheral blood mononuclear cell (PBMC) suspensions, containing predominantly lymphocytes and monocytes but also small amounts of neutrophils and platelets were resuspended in buffer RLT (700-1000 ul per 10 7 cells) and passed through Qiashredder columns (Qiagen, Valencia, California.) then stored at -70 degrees. Platelet-monocyte aggregates were not evaluated however platelet and neutrophil contamination were estimated and these methods and results can be found in the supplemental text online.
RNA isolation, hybridization and microarray analysis
Total RNA was extracted from peripheral blood mononuclear cells, neutrophils and platelets us- to a final volume of 200 ml. Microarrays were prepared according to manufacturer protocols using the HU95Av2 (Affymetrix, Eugene, Oregon) gene chip (for sickle cell and endotoxin PBMC arrays) and data analyzed using Microarray Suite 4.0 software (Affymetrix, Santa Clara, California). Data mining was performed using GeneSpring (Silicon Genetics, Redwood City, California) and JMP Statistical Discovery Software (SAS Institute, Carrboro, North Carolina; see statistical methods section). In several cases, in order to control for batch effects (see statistical methods section), samples were hybridized to gene chips multiple times using additional aliquots from the original pool of total RNA for that sample. Neutrophil total RNA and PBMC total RNA from 3 additional sickle cell patients were hybridized to HU133A gene chips (Affymetrix) and analyzed with Micorarray Suite 5.1 software (Affymetrix) for the neutrophil specific gene list validation experiments.
Validation of gene expression measurements using real time polymerase chain reaction
Quantification of mRNA was performed using quantitative real time polymerase chain reaction (qRTPCR) (TaqMan system, Applied Biosystems, Rockville, Maryland) to confirm microarray data. Probes and primer sets were obtained as manufactured kits (p21/Waf1/Cip1) from Applied Biosystems Custom Oligo Synthesis Service (Foster City, California) or custom designed (Heme oxygenase-1) by using the software Primer Express (Applied Biosystems). Heme oxygenase-1 (HO-1) forward primer, reverse primer and probe sequences are as follows: 5'-AGGCCAAGACTGCGTTCC-3', 5'-GCAGAATCTTGCACTTTGTTGCT-3', 5'-FAM-CTCAACATCCAGCTCTTTGAGGAG-TTGCAG-TAMRA-3'. Random hexamer primers were used to synthesize cDNA from sickle cell patients and healthy volunteers for qRTPCR. Real time PCR was conducted using a High Capacity cDNA archive Kit (Applied Biosystems) and only.
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Immunoblotting
Mononuclear cells were collected from four sickle cell patients in steady state and four control patients. PBMCs were isolated as described above, cells were lysed and total protein extracted.
Twenty micrograms of crude cell lysate were used for western blot. HO-1 protein expression was detected by using 1:1000 dilution of rabbit-anti HO-1 polyclonal antibody (Calbiochem, LaJolla, California). A 1:5000 dilution of horseradish peroxidase-conjugated goat-anti-rabbit IgG was used as the secondary antibody (Jackson ImmunoResearch Laboratory, West Grove, Pennsylvania).
Laboratory tests
Cell counts and differentials were performed using the Cell Dyn 3500 Analyzer (Abbott Diagnostics, Abbott Park, Illinois); hemoglobin high performance liquid chromatography and serum chemistries were performed in the clinical pathology laboratory at the National Institutes of Health. Plasma heme was measured using benzidine assay. 27 only.
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Statistical Analysis
Data transformation
The average difference values (Affymetrix) for 102 chips were transformed and analyzed using special purpose scripts written in the JMP scripting language (SAS Instititute). Average difference values were standardized and transformed using the Symmetric Adaptive Transform which yields quantile-normalized, homogeneous variance scale results. This transform has the practical advantage of eliminating the need to truncate or remove negative values prior to statistical analysis.
Principal Components Analysis
We performed principal components analysis 34 on the transformed data matrix (chips by genes)
to visualize the relative location of each chip in low-dimensional space, allowing for detection of outliers or other relevant patterns. Using the first four principal components, chips in a scatter plot matrix were labeled by various characteristics of the sample and laboratory procedures. The first two principal components clearly separated control and sickle cell patients. Separation of samples was also seen when points were labeled by the chip production lot number, suggesting a significant experimental batch/chip lot effect (data not shown).
Adjustment for sample, batch and microarray lot effect
The data set represented two groups: sickle cell disease (14 patients of HbSS phenotype, 31 chips including replicates) and control group (13 controls, 25 chips including replicates), hybridized in three distinct lots of chips and reagents. With the observation of a clear experimental batch/chip lot-effect we corrected for this in our statistical analysis. Because samples were hybridized to multiple replicate chips, results for each sample were first averaged, keeping track of the occuronly.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From rence frequency of each lot in the average. Average results were analyzed with 2-way ANOVA, setting the first factor to the lot and the second to disease status, weighting each sample average according to the number of times that lot was used. Variability was first attributed to lot effect, and remaining variability (due to difference in expression between sickle cell disease and control) was checked for statistical significance (see below). This is a conservative procedure in that the disease effect on gene expression might be underestimated relative to the experimental batch/ chip lot effect.
Filters for gene selection
The false discovery rate 35 computed for each gene list was required to be less than 5% and the relative change between groups (fold-change) was required to be at least 20%. The false discovery rate approach to controlling statistical error was utilized here as it is more appropriate for gene discovery, allows us to obtain a high quality list of genes and is less restrictive than the family wise error rate approach which has a larger false negative rate leading to disqualification of important genes. A 20% fold change cut-off was chosen because fold changes less than 20% may be due to variability in background. An average difference of greater than or equal to 20 in either the sickle cell disease or control group was required to eliminate genes at or below accepted detection limits for this assay. Using these filters to compare the 13 controls (HbAA phenotype) and 14 sickle cell patients (HbSS phenotype only, not on hydroxyurea therapy), 112 genes showed significant expression changes ( Figure 2 ). To define male vs. female expression differences, the false discovery rate limit was relaxed to ≤ 10% and no fold change requirement was made. In order to identify more possibly differentially regulated genes in sickle cell patients we further relaxed the false discovery rate requirement to ≤ 10% and eliminated the fold-change filter (Supplemental Table 1 ).
Validation of Gene Expression Data
Expression levels of selected genes were compared with gene expression levels measured by quantitative real time polymerase chain reaction and clinical laboratory values (total bilirubin, carboxy hemoglobin saturation and plasma heme concentration) using linear regression. P values for the slope of the linear fit were calculated using a t-test with a null hypothesis of slope = 0.
Results
Validation of global transcriptional analysis
To validate the accuracy of our laboratory and statistical processes, we analyzed gene expression patterns from mononuclear cells of 8 male and 6 female sickle cell patients to determine if there were significant differences in gene expression based only on gender. After correcting for experimental batch and probe array lot effects and filtering for significant differentially expressed genes between male and female sickle cell patients, using 2-way ANOVA and ≤ 10% false discovery rate multiple comparisons correction (see Statistical Methods) a list of 16 probe sets representing 14 genes were found to change significantly with gender. Notably, 14 of the 16 probe sets were located on either the X or Y chromosome. The Y chromosome genes from this list were elevated only in males; X chromosome genes were elevated only in females. The most likely mechanism for this double-gene-dose phenomenon, incomplete Lyonization of the second X chromosome, 36 has been previously reported for 4 of the X-linked genes on our list (GS1, eukaryotic translation and initiation factor 1A, UTX and Xist (a presumed structural RNA that controls X chromosome inactivation from its center on the long arm of the X chromosome) ( Figure   1 ). 37, 38, [39] [40] [41] [42] Hierarchical cluster analysis of the same 8 male and 6 female sickle cell subjects on these 16 gender specific probe sets demonstrated clear discrimination of gender. We extended our hierarchical cluster analysis to include all 37 study patients, including 10 sickle cell patients only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From on hydroxyurea therapy and 13 controls in addition to the original 14 sickle cell patients from which the 16 genes were derived. Again, the expression signature accurately segregated patients into male and female groups ( For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From statistically similar to the entire group of 27 sickle cell patients. Patient characteristics of all 27 sickle cell patients and 13 controls are summarized in Table 1 .
Using a 1.2 fold change expression cut-off, a > 20 average difference filter and a ≤ 5% false discovery rate multiple comparisons correction, 112 genes were determined to have statistically significant differential levels of expression. Hierarchical cluster analysis was applied to those 112 genes in samples from the 13 controls and 14 sickle cell patients (HbSS phenotype) off hydroxyurea from the primary analysis and then prospectively applied to an additional 10 sickle cell patients (HbSS phenotype) on hydroxyurea therapy (Figure 2 ). Without prior knowledge of the functions of those 112 genes, their gene expression pattern predicted which patients had sickle cell disease, with the exception of a single patient on hydroxyurea therapy who was classified with the controls. Notably, sickle cell patients not on hydroxyurea therapy have very similar gene expression patterns to sickle cell patients on hydroxyurea therapy and are clearly distinguished from controls. A statistical comparison of sickle cell patients on and off hydroxyurea did not find any significant differentially expressed genes, even allowing a ≤ 20% false discovery rate in order to detect any differences that may have been missed using a more stringent false discovery rate, suggesting minimal direct anti-inflammatory effects of hydroxyurea therapy on the mononuclear cell population. The single patient on hydroxyurea treatment that was classified with controls had no substantial difference in clinical or laboratory parameters compared to the remaining hydroxyurea patients.
Specific annotated pathways of interest
We applied less stringent statistical filters to the data in order to capture a larger group of differentially expressed genes in sickle cell disease and to identify more pathways for hypothesis generation. Using a ≤ 10% false discovery rate correction and no fold change cut-offs we detected only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From 385 genes that were differentially expressed in sickle cell disease (Supplemental Table 1 , online). Closer inspection of these 385 genes by hierarchical cluster analysis shows that the genes fall into functional clusters including oxido-reductase anti-oxidant pathways, growth factors, cell-cycle regulators and heme metabolizing enzymes. We annotated this list of 385 genes using our own GO-Scan software based on the Gene Ontology (GO) Consortium (http://www.geneontology.org). Using GO-Scan we determined whether any categories of genes were significantly over-represented in our gene list, using a Fisher's exact test. The oxidoreductase and cell signaling genes (which fall in the broader GO category of metabolism) represented a large majority of genes in our list ( Figure 3 ). Examination of these pathways suggests a role of circulating cells in the response to oxidant and hemolytic stress, vascular injury and participation in repair and homeostasis (Table 2) . Of particular interest is the heme oxygenase-1 (HO-1) pathway and downstream proteins affected by this system (Figure 4 ).
Heme oxygenase-1 pathway and p21 are up-regulated in sickle cell disease
We analyzed the expression levels of enzymes in the heme catabolism pathway and found that average gene expression of HO-1 and biliverdin reductase (α and β) was increased 2-fold and > 1.5-fold respectively in patients with steady state sickle cell disease as compared to controls (Figure 5f ).
Comparison of the sickle cell disease inflammatory gene expression profile to normal volunteers receiving intravenous endotoxin
In order to confirm the uniqueness of the sickle cell inflammatory gene expression signature, we compared the gene expression signature of sickle cell patients to a general inflammatory state induced by intravenous endotoxin infusion. Gene expression data from 8 controls were evaluated before and after a single dose of endotoxin. Samples from the endotoxin study were obtained from a separate control patient population and hybridized on different dates and lots of HU95Av2 microarrays. Hierarchical clustering analysis was performed on all sickle cell patients, African-American controls, and controls before and after the endotoxin infusion using the 112 gene list specific for sickle cell disease ( Figure 6 ).
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As further validation of the fidelity of gene expression data, the previously described healthy African-American volunteers and the healthy pre-endotoxin volunteers (from the endotoxin study) clustered together. One post-endotoxin patient did cluster with the pre-endotoxin and African American controls and may represent a weak response to endotoxin infusion. Moreover, there was a remarkable similarity in gene expression between the sickle cell disease and postendotoxin treated controls, highlighting the intense level of inflammation and stress in steady state sickle cell disease. However, there were several distinct islands of genes that had a unique expression pattern specific for sickle cell disease ( Figure 6 ). Therefore, much of the gene expression pattern observed in sickle cell patients are effects specific to sickle cell disease and are not due to a non-specific systemic inflammatory state.
Limited contribution of neutrophil and platelet derived genes to the peripheral blood mononuclear cell gene expression profile
To determine whether contaminating RNA from platelets in our PBMC preparation could contribute to our gene expression profile, we isolated RNA from platelet-rich plasma of two additional sickle cell patients and two control subjects and found that even this platelet rich fraction contained insufficient RNA (571 and 189 nanograms in sickle cell and control patients respectively) for use in microarray experiments. Additionally, based on the amount of platelet contamination measured in our PBMC preparations by flow cytometry (see supplemental text online), we found that contaminating platelets would account for < 0.5% of total RNA of the PBMC preparation, an amount of RNA insufficient for microarray experiments.
To determine whether neutrophil-specific genes contributed to our gene list we isolated neutrophils from blood of 6 control subjects before and after endotoxin (100 ng/ml) exposure (to evoke the expression of a broad range of neutrophil-derived genes). Neutrophil-derived gene expres-
cell patients, and 88 neutrophil-specific genes were identified. Only 4 neutrophil-specific genes overlapped with our sickle cell gene expression list (see supplemental methods, results and table 2, online). Additionally, the expected average yield of total RNA from contaminating neutrophils in our PBMC preparation would account for < 0.25% of the total RNA (see supplemental text online.) Therefore, the inflammatory genes on our list of 385 that appear to be of neutrophil or platelet origin are unlikely to be derived from these cells -as our PBMC preparation had insufficient platelet and neutrophil RNA for microarray experiments. 47 However, it remains possible that a few highly expressed genes from platelets or neutrophils have contributed to our gene list.
Discussion
Sickle cell disease is caused by the downstream effects of hemoglobin S polymerization, leading to chronic cycles of ischemia-reperfusion vascular and tissue injury. This direct tissue ischemia and factors such as plasma hemoglobin-induced endothelial dysfunction, free radical generation and cytokine activation produce a characteristic and unique chronic inflammatory state that further promotes and propagates vascular insufficiency and ultimately results in tissue infarction. 7, 27 This thesis is supported by the observation that leukocytosis and dactilitis in infants predict subsequent morbidity and mortality in children and adults. Furthermore, systemic markers of inflammation such as C-reactive protein, soluble adhesion molecules, endothelin-1 and cytokines are increased in plasma during steady state and vaso-occlusive pain crisis. 6,13,15,23,24,48,49 ,50 To better understand the contribution of oxidant stress and inflammation to the pathogenesis of sickle cell disease we have interrogated the abundant and readily accessible circulating leukocyte pool using global transcriptional analysis and find that sickle cell disease evokes a highly specific transcriptional response.
Hierarchical clustering of all subjects based on the expression pattern of the 112 significant genes separated subjects into distinct groups: patients with sickle cell disease, African American and endotoxin controls and controls treated with a single dose of endotoxin (an inflammatory control group). Interestingly hydroxyurea treatment did not significantly affect gene expression profiles, even using less stringent multiple comparisons corrections (≤ 20% false discovery rate).
These data suggest that hydroxyurea does not have a direct effect on leukocyte gene expression in sickle cell patients and weighs on an ongoing controversy, whether the mechanism of action of hydroxyurea is secondary to a direct anti-inflammatory effect or the anti-polymerization effect of fetal hemoglobin induction. 51 The beneficial effects of hydroxyurea-mediated leukoreduction on only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From clinical outcomes have been reassessed in the multi-center hydroxyurea study. With additional follow-up, the association between leukoreduction and clinical improvement has weakened, while the association of fetal hemoglobin induction and clinical improvement remains robust. 51, 52 The persistence of inflammatory and oxido-reductase gene expression profiles in patients on hydroxyurea therapy may be explained by the relatively limited hemoglobin F induction, lack of full F-cell penetrance and persistent hemolysis and inflammation in most adult patients on treatment. Analysis of polymerization tendencies suggests that levels of hemoglobin F greater than 25% in a pancellular distribution are required to completely eliminate intracellular polymerization. 53, 54 An alternate explanation is that the effect of hydroxyurea on gene expression is smaller than the patient to patient variability in gene expression found in sickle cell disease.
A single dose of endotoxin in controls produces an inflammatory transcriptional response that has some similarities to that seen in steady state sickle cell disease. At ≤ 10% false discovery rate a large majority of 385 genes were similarly differentially regulated in patients with sickle cell disease, including cell cycle regulation, apoptosis, adhesion molecules, interferon induced genes, kinases and signaling molecules. However, the gene expression profile for sickle cell disease is unique for a large number of related gene families including heme processing enzymes, growth factors (IL-15, ECGF-1), antioxidant systems, adhesion molecules such as integrins and P-selectin, and globin genes ( Table 2) . Some of the genes on our gene list may be co-expressed on multiple cell types; other genes such as P-selectin and platelet glycoprotein genes may also be co-expressed on other cells or may be derived from small amounts of platelet contamination secondary to platelet-monocyte aggregation. IL-15 is important in the maintenance of immune cell function but also stimulates inflammatory cytokine production such as IFNγ, TNFα and IL-1β, cytokines that have been shown to be increased in patients with sickle cell disease. 50 IL-15 is also angiogenic and increased expression has been demonstrated in other inflammatory diseases only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From such as rheumatoid arthritis, inflammatory bowel disease, multiple sclerosis and sarcoidosis. 55 The exact role of this cytokine in the pathogenesis of sickle cell disease remains to be explored. Biliverdin is converted to bilirubin by the enzyme biliverdin reductase. Biliverdin reductase has recently been proposed as a major catalytic antioxidant system. 59 The functional role of HO-1 extends beyond heme catabolism; its induction is a compensatory response to tissue stress or injury and protects from the deleterious effects of inflammation. Beneficial effects of HO-1 include inhibition of inflammation in models of ischemia-reperfusion and xenograft rejection, protection from oxidant induced injury, enhanced induction and mediation of the anti-inflammatory effects of IL-10, inhibition of vascular smooth muscle proliferation in response to vascular injury, anti-atherogenesis and vascular relaxation. 24, [44] [45] [46] [59] [60] [61] [62] [63] [64] only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From These data are consistent with the recent observation of increased HO-1 expression in renal tissue and circulating endothelial cells of patients with sickle cell disease. 65 We also show the concurrent up-regulation of biliverdin reductase (α and β) and p21. In aggregate, these data suggest that circulating mononuclear cells participate in a compensatory response to the repetitive vascular injury characteristic of sickle cell disease. 45, 46, 65, 66 For example, despite having reduced NO bioavailability and endothelial dysfunction, 27 ,28 patients with sickle cell disease do not develop atherosclerotic coronary disease, 67-69 which may be due to the vascular protective functions of the HO-1 and p21 systems. Other anti-oxidant genes such as glutathione peroxidase, thioredoxin and thioredoxin peroxidase are up-regulated in sickle cell patients, demonstrating a compensatory response to chronic ischemia-reperfusion induced oxidant injury.
Circulating leukocytes represent a readily accessible cell population centrally involved in sickle cell disease vasculopathy. Our results highlight the intense pro-oxidant, hemolytic and inflammatory nature of steady state sickle cell disease and support the precis that sickle cell patients suffer from chronic ischemia-reperfusion vascular injury. 3, 4 These data also provide novel insight into the broad compensatory responses to sickle cell vascular injury with dramatic upregulation of catalytic antioxidant and stress response systems and angiogenic factors. Such pathways are ideally suited for polymorphism studies to explain phenotypic heterogeneity.
Given the limited predictive value of current biomarkers of sickle cell disease severity such as white blood count and trans-cranial Doppler, inflammatory fingerprints of peripheral blood may provide a better prognostic tool for identifying patients at high risk of debilitating clinical events who would be candidates for more aggressive therapies such as bone marrow transplantation or gene therapy.
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